Abstract. Multi-diagnostic observations, covering a significant area of northwest Europe, were made during the magnetic storm interval (28-29 April 2001) that occurred during the High Rate SolarMax IGS/GPS-campaign. HF radio observations were made with vertical sounders (St. Petersburg and Sodankyla), oblique incidence sounders (OIS), on paths from Murmansk to St. Petersburg, 1050 km, and Inskip to Leicester, 170 km, Doppler sounders, on paths from Cyprus to St. Petersburg, 2800 km, and Murmansk to St. Petersburg, and a coherent scatter radar (CUTLASS, Hankasalmi, Finland). These, together with total electron content (TEC) measurements made at GPS stations from the Euref network in northwest Europe, are presented in this paper. A broad comparison of radio propagation data with ionospheric data at high and mid latitudes, under quiet and disturbed conditions, was undertaken. This analysis, together with a geophysical interpretation, allow us to better understand the nature of the ionospheric processes which occur during geomagnetic storms. The peculiarity of the storm was that it comprised of three individual substorms, the first of which appears to have been triggered by a compression of the magnetosphere. Besides the storm effects, we have also studied substorm effects in the observations separately, providing an improved understanding of the storm/substorm relationship. The main results of the investigations are the following. A narrow trough is formed some 10 h after the storm onset in the TEC which is most likely a result of enhanced ionospheric convection. An enhancement in TEC some 2-3 h after the storm onset is most likely a result of heating and upwelling of the auroral ionosphere caused by enhanced currents. The so-called main effect on ionospheric propagation was observed at midlatitudes during the first two substorms, but only during the first substorm at high latitudes. Ionospheric irregularities observed by CUTLASS were clearly related to the gradient in Correspondence to: D. V. Blagoveshchensky (dvb@ppp.delfa.net) TEC associated with the trough. The oblique sounder and Doppler observations also demonstrate differences between the mid-latitude and high-latitude paths during this particular storm.
Introduction
The High Rate GPS/GLONASS measuring campaign (HIRAC) was initiated by the International GPS Service (IGS) and supported by COST 271 activities with the aim of analysing transionospheric signals received from navigation satellites by the IGS ground station network, in order to study the behaviour of the ionosphere during the recent solar maximum. Measurements, including total electron content (TEC), were undertaken during the period 23-29 April 2001, with the interval from 28 to 29 April 2001 being of particular interest since a magnetic storm of moderate intensity took place at this time. The largest contribution to the TEC is typically from the F2 region. However, we know that geomagnetic storms cause both positive and negative changes to the peak electron density, NmF2, depending upon location and time within the storm. Consequently, we would expect changes in TEC during storms to be dominated by the changes in F2 region density, provided the electron density is not simply re-distributed in altitude, although it is possible for changes in E-region density to contribute as well. Thus, comparisons utilizing a variety of techniques play a valuable role in developing our understanding of the storm effects on the total electron distribution within the ionosphere.
Although we understand many of the geomagnetic storm effects on the F2-region (e.g. Buonsanto, 1999; Gonzales et al., 1994; Lastovicka, 2002) , a complete understanding remains elusive due to the highly variable nature of magnetic storms. The storm on 28 and 29 April 2001, which is discussed in this paper, illustrates this variability. Although both positive and negative phases, similar to a "classical" storm, were present, the main feature of this storm is the presence of three well-defined substorms identified in the AE index. The study of the ionospheric effects of this storm interval, therefore, enables us to distinguish the impact of substorm effects from the larger scale storm effects, and, therefore, will contribute to the debate on the storm/substorm relationship, with particular reference to the effects in the mid-and highlatitude ionosphere.
The substorm process is known to manifest itself in a variety of ways in the ionosphere, such as the initial auroral brightening and subsequent expansion of the disturbed aurora, the development of the ionospheric current associated with the substorm current wedge, equatorward ionospheric convection bursts, larger scale enhancements of westward flow in the pre-midnight sector. The electron density in the lower ionosphere is substantially enhanced, particularly in the auroral zone which leads to a large increase in radio wave absorption in the HF band (e.g. Milan et al., 1998) . The enhancement of the lower ionosphere electron density is caused by strongly increased precipitation of energetic particles from the magnetosphere, such that an increase in absorption measured by an auroral zone riometer from 0.0 to 2.5 dB is equivalent to a change in electron density at heights below 90 km of a factor of 100 or more (Lastovicka, 2002) .
Whilst the purpose of the HIRAC campaign was to make measurements of TEC (in this paper from the Euref network of GPS stations in northwest Europe), it is necessary to compare such measurements with those made contemporaneously with a range of other instrumentation. The purpose of this paper is to present HF radio measurements made with ionosondes at St. Petersburg, and Sodankyla, oblique incidence sounders (OIS) on paths from Murmansk to St. Petersburg (1050 km) and Inskip to Leicester (170 km), and HF Doppler measurements on paths from Cyprus to St. Petersburg and Murmansk to St. Petersburg to support the GPS observations. In addition, HF radar measurements were also made with the CUTLASS radar located in Hankasalmi, Finland. The locations of these sites are shown in Fig. 1 . Furthermore, these observations were supported by measurements of solar wind parameters, the interplanetary magnetic field (IMF), the K p , AE and D st magnetic indices, riometer absorption data from the Sodankyla observatory, and data from the IMAGE magnetometer network.
The remainder of this paper presents an overview of the solar wind and geomagnetic conditions prevailing during the storm. The observations of TEC are then presented, followed by the HF observations. We conclude the paper with a discussion of the observations with reference to our understanding of magnetic and ionospheric storms and magnetospheric substorms.
Character of the geomagnetic disturbance
To provide the necessary context for the following observations we present the D st , AE and K p magnetic indices and the IMF B z component measured by the ACE spacecraft for the interval 01:00 UT, 28 April 2001 to 23:59 UT on 29 April 2001 (Fig. 2) . As indicated by the D st index (Fig. 2a) Inspection of the hourly values of the IMF B z component (Fig. 2b) indicates that the IMF was predominantly northward until just after 15:00 UT on 28 April 2001, after which it remained southward for almost 15 h before turning northward and remained so for the rest of the interval. The solar wind velocity and density during this interval (data not shown) demonstrate that a shock in the solar wind passed ACE at ∼04:40 UT on 28 April 2001. At this time the solar wind velocity increased from ∼470 km s −1 to ∼750 km s −1 , the density from 4 cm −3 to 10 cm −3 , resulting in an equivalent increase in the solar wind dynamic pressure from 1.4 nPa to 9 nPa. This increase by a factor of 10 in pressure caused a sudden impulse in the geomagnetic field at 05:00 UT on 28 April 2001 and was clearly responsible for the large increase in the hourly D st at that time (Fig. 2a) . The solar wind velocity and density remained higher than their pre-shock values for much of the following interval.
The hourly AE index values (Fig. 2c) indicate that the magnetic storm contained three pronounced substorms, numbered 1, 2 and 3, when AE exceeded 500 nT. The expansion phase onset (T o ) of the first substorm was at 05:00 UT on 28 April 2001, had a maximum AE of ∼800 nT, and ended (T e ) some time between 07:00 and 08:00 UT. More accurate timings from preliminary quick look 1-min values of AE indicate T o was 05:00 UT and T e 07:00 UT. This substorm occurred during a prolonged interval of northward IMF and was a consequence of the shock impact mentioned above. After 07:00 UT, AE remained high, typically of the order of 300 nT, but reasonably steady, with no impulsive changes indicative of substorm activity until after 12:00 UT. The second substorm started at 13:30 UT and ended at 15:30 UT (based upon preliminary quick look one-minute data). This substorm had the largest value of AE of the three events, reaching nearly 1500 nT. A number of intervals of southward IMF were measured by ACE from ∼09:00 UT to 11:00 UT, 11:30 UT to 12:00 UT and 12:30 UT to 14:00 UT prior to and during the second substorm. The third and final substorm during the storm period started at 01:00 UT on 29 April and finished at 04:00 UT (timings again based upon the preliminary data). This substorm occurred during a period of prolonged southward IMF. It is evident from Fig. 2d that the main maxima of K p coincide with the three substorm intervals, with the largest values of K p (∼6) occurring during the second, most intense, substorm.
To summarise the geomagnetic conditions, the D st minimum at 02:00 UT on 29 April 2001 was less than −50 nT, and B z was less than −5 nT for at least two hours during the interval. Therefore, according to the classification given by Gonzalez et al. (1994) , the storm is categorised as moderate. The onset of the positive phase of the storm occurred following a shock in the solar wind impacting the Earth's magnetosphere, while the negative or main phase of the storm began some 8 h after this. The periods 00:00-06:00 UT on 28 April and 12:00-23:59 UT on 29 April may be considered as either weakly disturbed or quiet.
Ionospheric observations

Total electron content (TEC) measurements
Global Positioning System (GPS) observations provide an excellent method for studying the large-scale structure and dynamics of the ionosphere. The total electron content (TEC) along the path between the satellite and the ground receiver can be determined from observations of the time delay of the dual-frequency (1.57 GHz and 1.23 GHz) GPS signals. A technique has been developed in the West Department of IZMIRAN that allows TEC maps over Europe to be produced using the GPS measurements from more than 60 stations of the Euref Network (Shagimuratov, 2002) . The high density of stations in Europe enables TEC maps to be derived with high temporal and spatial resolution between latitudes of 40 • and 75 • N and longitudes of 10 • W and 40 • E. The error in the TEC determination for the 30-s intervals of averaging used here does not exceed 10 14 m −2 (0.01 TEC units). This permits ionisation irregularities and wave processes in the ionosphere to be monitored over a wide range of amplitudes, up to 10 −4 of the diurnal variation of TEC, and periods, from a few hours down to 5 min.
In Fig. 3 maps of TEC for a quiet day, 27 April 2001 (Fig. 3 , top row) and the two disturbed days of the geomagnetic storm, 28 and 29 April 2001 (Fig. 3 , middle and bottom row, respectively) are presented. For the quiet day, as expected, the TEC increased through the morning hours, reaching a maximum close to noon, and then decreased in the evening. At times (e.g. 04:00-08:00 UT), there was a strong east to west gradient. Prior to the commencement of the magnetic storm (05:00 UT, 28 April 2001), the TEC variations at 00:00 UT and 04:00 UT, 28 April 2001, were very similar to those at the same times on 27 April 2001. However, once the storm had started, there were significant differences between the quiet and disturbed days for the same hours. The clearest feature was the development of a deep and relatively narrow trough in the TEC, which can be seen at eastern longitudes and ∼70 It is instructive to also look at the TEC maps during the expansion phases of the three individual substorms that occurred during this storm (Fig. 4) . During substorm 1 (Fig. 4a) there was a smooth time variation in TEC with higher TEC in the east and an increase at all longitudes with time. Since similar behaviour was observed for quiet conditions, it appears that no significant changes to the TEC occurred during this expansion phase. The only minor change is a small reduction in TEC at 07:00 UT at high latitudes (>70 • N). During the second substorm (Fig. 4b) , there were some largescale irregularities and strong gradients in the TEC. For example, there were enhancements in the TEC at 13:00 UT at latitudes above 60 • N which were not present at 12:00 UT on 27 April 2001 (Fig. 3 , top row), isolated structures at 14:00 UT, and finally, a much larger latitudinal gradient at 15:00 UT than was present at 16:00 UT on the quiet day ( Fig. 3 , top row). The TEC during the third substorm ( Fig. 4c) is dominated by the trough structure and generally low levels of TEC, as discussed above.
Oblique incidence soundings for the Murmansk-St. Petersburg path
Several key parameters indicative of the HF propagation conditions, and hence of ionospheric conditions, were determined from an oblique incidence sounding undertaken over the path from Murmansk to St. Petersburg (midpoint geographic 64.5 • N, geomagnetic 60 • N). The parameters included F2MOF (maximum observed frequency for signals reflected from the F2-layer) and F2LOF (lowest observed frequency for signals reflected from the F2-layer). EMOF, ELOF, EsMOF, and EsLOF were similarly defined for signals reflecting from the E and sporadic-E-(Es)-layers, respectively. Here we consider sporadic-E as an E-layer with a higher than expected critical frequency without distinguishing between the formation mechanisms. It is likely, however, that the sporadic-E observations made here are related to auroral particle precipitation. An additional parameter, DeltaF2MOF, was defined as the deviation of F2MOF from the 10-day quiet median, such that negative values of DeltaF2MOF indicate that the F2MOF is less than the equivalent 10-day quiet mean value. Note that the MOF depends on the ionospheric electron density profile, while the LOF depends on the level of ionospheric absorption and on a range of system parameters including the transmitter power and antenna gains (Milan et al., 1998) .
The variations of the parameters defined above during the magnetic storm on 28-29 April for the Murmansk to St. Petersburg path are presented in Fig. 5 . Figure 5a presents DeltaF2MOF, while Fig. 5b presents F2MOF and F2LOF. In Fig. 5c , EMOF, ELOF, EsMOF and EsLOF are presented. The times when propagation was by sporadic-E are indicated by the horizontal lines. Finally, Figs. 5d and e present the X component from the Sodankyla observatory of the IMAGE magnetometer network and the Sodankyla riometer, respectively. At the time of the first substorm there was a negative X component bay of some 250 nT at Sodankyla, even though the local time of this station was near 07:00 MLT. Increased absorption occurred at Sodankyla, but only towards the end of the interval of the first substorm (Fig. 5e ). During this substorm, vertical soundings made at St. Petersburg and Sodankyla (data not shown) indicate that the ionosphere was not essentially altered. Note that Sodankyla is poleward and to the west of the midpoint for the Murmansk-St. Petersburg path. For two or three hours before the onset of the substorm, DeltaF2MOF increased from negative values, reaching a maximum positive value at T o (05:00 UT). Towards the end of the substorm expansion phase DeltaF2MOF decreased, which was due to a decrease in the measured F2MOF at the time (Fig. 5b, upper panel) . This was followed by a marked increase after T e which was a result of a large increase in measured F2MOF. DeltaF2MOF then fell to zero during the following few hours. Similar behaviour of DeltaF2MOF during and following an isolated substorm of moderate intensity was reported by Blagoveshchensky and Borisova (2000) , Blagoveshchensky et al. (1992 Blagoveshchensky et al. ( , 1996 Blagoveshchensky et al. ( and 2003 and named the "main effect". We note that at the path midpoint (64.5 • N, 32 • E) the TEC values increase by ∼50% from 05:00 to 07:00 UT (Fig. 4 top row) , although at 08:00 UT the TEC values at the path midpoint on 28 April 2001 were ∼25% less than those on 27 April 2001. The decrease in F2MOF towards the end of the substorm suggests a decrease in the maximum electron density at the midpoint, which is inconsistent with the increase in TEC values. Furthermore, the large positive DeltaF2MOF after T e also implies an increased density at the path midpoint, again inconsistent with the TEC decrease from quiet to disturbed values.
Substorm 2, which resulted in the largest value of the AE index during this interval, was accompanied by high absorption ( Fig. 5e ) and changes in the ionosphere measured by vertical incidence sounding at St. Petersburg and Sodankyla (data not shown). DeltaF2MOF was initially negative at the start of this substorm and a sharp decrease occurred at 15:00 UT. The main phase of the magnetic storm began at 13:00 UT when D st and IMF B z values were negative (Fig. 2) , some 30 min before the onset of this substorm. Here the large increase in DeltaF2MOF at the end of the substorm was absent. The most likely reason for this is probably the development of the intense trough in ionisation which occurred at 15:00 UT (Fig. 4, middle row) . The decline in F2MOF and F2LOF and the subsequent increase in the negative values of DeltaF2MOF are all associated with the trough that forms across the oblique propagation path. Furthermore, after 19:00 UT the propagation by the F2 path was lost due to the presence of the sporadic-E on the path. This was also the case throughout the interval of the third substorm, which was also characterised by the largest absorption values observed by Sodankyla. This implies particle precipitation into the D-and E-regions during this substorm in the vicinity of the oblique propagation path.
After the F2 propagation path returned at 05:00 UT on 29 April, the DeltaF2MOF was still considerably negative, which is consistent with the weaker levels of TEC at this time compared with the quiet day levels. However, from 06:00 UT onwards there was a steady increase in DeltaF2MOF towards a value of zero which was finally reached at 15:00 UT. We also note that after F layer propagation returned there was still enhanced absorption along the path, as evidenced by the high value of F2LOF, which is consistent with the high values of the riometer absorption at Sodankyla.
3.3 Comparison with the oblique incidence soundings for the Inskip − Leicester path
The midpoint of the Inskip-Leicester path (170 km) is located at mid-latitudes (geographic latitude 53 • , geomagnetic latitude 51 • ), although propagation can sometimes be affected by auroral features to the north (Siddle et al., 049, 052, 2004) , as opposed to the subauroral path from Murmansk to St. Petersburg (geomagnetic latitude 60 • ). The main results are presented in Fig. 6 , in a similar way to those for MurmanskSt. Petersburg (Fig. 5) . The intervals when the three substorms (1, 2 and 3) identified earlier occurred are also shown. During the first substorm, the "main effect" occurred very clearly on the Inskip to Leicester path. The rise in DeltaF2MOF was slightly less than on the higher latitude path but, nevertheless, was still significant and also occurred, as a result of a large increase in the F2MOF. As noted by Blagoveshchensky and Borisova (2000) , Blagoveshchensky et al. (1992 Blagoveshchensky et al. ( , 1996 Blagoveshchensky et al. ( and 2003 , the "main effect" commonly occurs during substorms at both middle and high latitudes. Unlike the higher latitude path, the "main effect" is also seen during the second substorm, although weaker and starting from a higher value of DeltaF2MOF. However, again the feature is caused by a rise in F2MOF. There is no such evidence for the "main effect" during the third substorm, however, which occurred when the DeltaF2MOF was significantly negative. This large negative value began at 20:00 UT on 28 April 2001 and continued until 08:00 UT on 29 April 2001. It is clear from the TEC observations that this is a result of the very low values of TEC during this time frame along this path (Fig. 3, middle and bottom rows) .
The behaviour of the ionization in the E-layer during the magnetic storm is different at middle and high latitudes. The Es-layers observed continuously at high latitudes are not present at all times at middle latitudes (for example, at 15:00 UT and 18:00 UT on 29 April). This suggests that the behaviour of the E-layer during this storm was more localised than the F-region storm effects. Fig. 7 is a representative example from the first of the three intervals. Universal time increases from the bottom of the panel upwards, while the frequency axis presented here is between −9 Hz and +8 Hz of the centre frequency, which is the frequency range during this interval in which there was significant received signal amplitude. To summarise the data from the sonograms, Table 1 presents certain average characteristics, to which we refer during the following discussion.
Three important characteristics can be identified from the sonograms. The width of the Doppler spectrum, f D (Hz), provides information on the propagation mode, such that the smaller this value, the less disturbed the propagation path. During quiet periods f D was in the range 1-3 Hz. This increased during the substorm expansion and recovery phases, however, to values between 10 and 30 Hz. Figure 7 , taken from the expansion phase of substorm 2, illustrates that the width at any given time is typically larger than 3 Hz, although this is mainly due to the presence of extra traces in the sonogram (see below). Figure 8 , taken from the late expansion phase or early recovery phase of substorm 3, illustrates a width of some 5 Hz or more. If the central frequency of the Doppler sounder exceeded the MOF, either via E-or Fregions, then there would have been a transition from signal reflection to scattering from irregularities and consequently, a broadening of the spectrum. For much of the first interval of sonogram recording (16:00-21:00 UT on 28 April 2001), the operational frequency was less than F2MOF and propagation would have been via a sporadic-E mode. For the first hour of the second interval, f op was greater than the propagation frequency via either the F-or E-region. These times are clearly illustrated by the high values of f D given in Table 1 . Note, based on the OIS data, the cases when f op are larger than the MOF are not accompanied by either multimode or multi-path propagation.
The second characteristic that can be identified from the sonograms are wave disturbances which cause a change in the central frequency of the propagation mode as a result of small changes in the reflection height of the signal. The wave period (T w ) and amplitude f Dmax (Hz) can be identified from the sonogram. Two types of waves are known to cause such changes in the reflection height. ULF waves, or geomagnetic pulsations, have periods typically in the 10-s range. Atmospheric gravity waves result in travelling ionospheric disturbances (TIDs) and these have longer periods, typically in the several minutes range. On the Murmansk to St. Petersburg path, the periods that were seen were characteristic of ULF waves. Longer period gravity waves were seen on a lower latitude path between St. Petersburg and Cyprus (Fig. 9) . Generally, under quiet conditions, waves of both types were absent.
The third and final characteristic that can be determined from the sonograms is the presence of additional modes of propagation which is indicated by the presence of additional traces. The amplitude of the frequency deviation from the centre frequency in Hz of these additional traces is given in Table 1 and found to vary from −10 to +18 Hz, depending on time. These additional traces (see, for example, Fig. 7) were only found during the expansion phase of the substorm or immediately afterwards.
The results obtained have shown that the Doppler spectra on the high-latitude Murmansk-St. Petersburg path are always relatively broad. The broad spectra can arise either due to scatter from ionospheric irregularities or from additional traces due to different propagation modes. This probably implies a highly-structured ionosphere on this path under dynamic substorm conditions.
Doppler measurements for the Cyprus-St. Petersburg path
For the Cyprus-St. Petersburg path (9410 kHz and 12095 kHz), the variations of Doppler spectra at 9410 kHz are well correlated with those on 12 095 kHz. Furthermore, ray-tracing calculations showed that the point of reflection of the wave with a frequency 9410 kHz in the F2-layer of ionosphere was about 22 km lower than the point of reflection of the wave with a frequency 12 095 kHz. Therefore, only sonograms for 9410 kHz signals will be presented here. A sonogram taken during the expansion phase of substorm Number 3 (02:00 to 03:00 UT on 29 April 2001) for this path is presented in Fig. 9 . Here the Doppler width (f D ) is ∼ 4 Hz and there are wave disturbances with a quasi-period (T w ) of 30 min and amplitude (f Dmax ) 2 Hz, but, as with the Murmansk − St. Petersburg path at this time, there are no additional traces indicating only one propagation mode. The wave processes are likely to be medium-scale travelling ionospheric disturbances (TIDs). From the Doppler measurements in Fig. 9 , it is possible to estimate some values of the TID parameters. According to Afraimovich (1982) , tentative estimates of the wave disturbance amplitude M, the low border of horizontal wavelength, , the velocity of the wave screen movement, or TID phase velocity, V, and the intensity of disturbance of electron concentration, relative amplitude of a wave disturbance, δ, can be obtained from the following
where T w is the period of the wave disturbance, f Dmax is the wave amplitude as measured by the Doppler sounder, λ is the wavelength of the HF radio wave, and Z o is the height of reflection.
If we take Z o as 250 km, and λ as 32 m and the values of the parameters from Fig. 9 are T w =30 min, and f Dmax =2 Hz, then we obtain estimates for M of 18 km, =300 km, V=167 m/s, δ=3.6×10 −2 . These values are similar to those obtained by other observation methods (Stocker et al., 2000) .
From Fig. 7 , the ionospheric velocity near the signal reflection position is determined by the equation (Afraimovich, 1982) V =(λ·f Dmax )/2·cosφ, where φ is the wave incidence angle on the ionosphere. Calculations give V=175 m/s, which represents the maximum velocity of the plasma under the influence of the propagating TID.
To summarise, the Doppler spectra on the Murmansk-St. Petersburg and Cyprus-St. Petersburg were made. It was found that the width of the Doppler spectra on the midlatitude path was significantly narrower than on the higherlatitude path for all examined events. Also, the TID parameters estimated from the sonograms are typical medium-scale TID values and are similar to previous observations (e.g. Stocker et al., 2000 and references therein) . We cannot, however, in this instance, identify the source of the TIDs.
Observations by the CUTLASS radar
The two CUTLASS radars (Lester et al., 1997) , one located in Iceland and one in Finland form the eastern pair of radars of the Northern Hemisphere element of the Super Dual Auroral Radar Network, SuperDARN (Greenwald et al., 1995) . The CUTLASS radars have a common observing volume over and to the north of Scandinavia. A combination of the measurements from the two radars enables the ionospheric convection velocity vector perpendicular to the Earth's magnetic field to be determined. During the interval of interest, however, observations in the vicinity of the Murmansk-St. Petersburg path are limited to the Finland radar.
There were three main intervals of ionospheric backscatter during the storm interval. The first of these was from 05:30 UT to 10:30 UT and consisted of scatter from the Fregion at the far ranges of the radar is field of view, i.e. at much higher latitudes than we are interested in here. Therefore, we do not consider this scatter further in our discussion. The other two intervals are of scatter from the E-region and occurred close to the mid-point of the Murmansk-St. Petersburg path. The data in Fig. 10 are from 12:00 UT on 28 April to 11:00 UT on 29 April, which corresponds to the most disturbed part of the magnetic storm described above (Figs. 2 and 5) . The geographic latitudes indicated in Fig. 10 range from 60 • , which corresponds to that of St. Petersburg, to 69 • , corresponding to Murmansk. Note that the Hankasalmi radar is located at 62 • latitude. The data from beam 15 of the Hankasalmi radar can approximately be compared with Doppler and OIS measurements on the Murmansk-St. Petersburg path, as it is directed northward and is approximately parallel to but displaced in longitude by about 3 • from the Murmansk-St. Petersburg path. In Fig. 10 , the expansion phases of substorms Number 2 and Number 3 are indicated by the vertical lines, and the times at which the Doppler records presented in Figs. 7-9 are also indicated on Fig. 10 .
The top panel in Fig. 10 illustrates the ionospheric backscattered power. Prior to 14:00 UT on 28 April, no ionospheric scatter was observed. However, during substorm 2, there was an interval when intense irregularities were concentrated near the midpoint of the Murmansk-St. Petersburg path on φ=64.5 • . These irregularities disappeared after the end of the expansion phase of substorm 2. During substorm 3, there was a larger region of less intense radar backscatter.
The Doppler velocity of the irregularities responsible for the ionospheric scatter is shown in the middle panel of Fig. 10 . The first patch of scatter had Doppler velocities which were typically less than 200 m s −1 away from the radar. Investigation of the data on the other radar beams during this interval indicates that the Doppler velocity was negative on all beams, with the larger values in the west of the field of view. This is consistent with an overall westward velocity in this region. Comparison with TEC maps in Figs. 2 and 3 indicates that the irregularities occurred at latitudes at the equatorward gradient in TEC associated with the trough which formed following the onset of the main phase of the storm. The second interval of scatter had Doppler velocities which tended to be weakly negative. Although highly variable, the nature of the velocities on the other beams is consistent with the eastward flow at this time.
E-region irregularities tend to fall into two types: those caused by the two stream instability and those which are generated by the gradient drift instability (Hunsucker and Hargreaves, 2003) . Normally the former have Doppler velocities which saturate at the local ion acoustic speed, typically between 300 m s −1 and 400 m s −1 in the auroral ionosphere and small values of spectral width. Conversely, irregularities generated by the latter mechanism have velocities which are lower than the ion acoustic speed and have larger spectral widths. During the first interval, the spectral widths tend to be large, suggesting that they were generated by the gradient drift instability. During the second interval, when the scatter was much weaker, there was a mixture of large and small values of spectral width. Comparison with the TEC maps again indicates that the scatter occurred close to a gradient in TEC but a much weaker one on this occasion.
Physical interpretation of obtained results
Current understanding
The current understanding and recent advances in the study of ionospheric storms have been reviewed in many publications (e.g. Buonsanto, 1999; Gonzales, 1994; Lastovicka, 2002) . It is known that ionospheric storms result from large energy inputs to the upper atmosphere associated with geomagnetic storms. The latter occur during unusually disturbed conditions in the solar wind, often related to an interplanetary shock impacting the magnetosphere but always requiring an extended interval of southward IMF. The energy inputs to the upper atmosphere take the form of enhanced electric fields, currents, and energetic particle precipitation. Strong electric fields combine with increased conductivities resulting from energetic particle precipitation to give substantial electric currents and consequently strong Joule heating of the atmospheric gases. There is also frictional heating due to collisions between the plasma accelerated by the large electric fields and the ambient neutral gas. Either way, the neutral gas is heated, creating pressure gradients which modify the global thermospheric circulation. There are changes in neutral air winds and composition which result in changes to rates of production and loss of ionization. The modified electron densities, in turn, modify the ion drag on the neutrals. Disturbed neutral winds also cause F-region electric fields by the disturbance dynamo mechanism. These electric fields redistribute the plasma, affecting production and loss rates. Storm-related electric fields may also destabilize the plasma, producing irregularities.
Rapid expansion of the neutral atmosphere due to heating at high latitudes may cause upwelling, i.e. the motion of air through constant pressure surfaces. Enhanced equatorward winds transport the composition changes to lower latitudes, so that one can see a "composition disturbance zone" of increased mean molecular mass reaching from high to middle latitudes. The equatorward winds often take the form of traveling atmospheric disturbances (TADs) when the heating events are impulsive. They manifest themselves in the ionosphere as large-scale traveling ionospheric disturbances (TIDs). Equatorward of this zone, poleward neutral winds may occur and convergence of these winds results in downwelling which decreases the mean molecular weight at constant pressure levels. A decrease in the mean molecular mass would lead to increases in N m F2 and TEC while an increase in the mean molecular mass due to upwelling leads to decreases in N m F2 and TEC. A rise in the F2 peak height to a region of reduced loss due to equatorward winds would also produce increases in NmF2. Similarly, a drop in h m F2 due to poleward winds reduces N m F2. As a result of the local time variation of winds at middle latitudes, negative ionospheric storm effects are most often seen in the morning sector and positive storm effects in the afternoon and evening. When N m F2 or TEC perturbations are studied according to storm time, i.e. time from onset of the disturbances, the typical storm shows an initial positive phase followed by a negative phase, with the duration and strength of the two storm phases, depending on latitude and season (Buonsanto, 1999) .
28-29 April 2001 magnetic storm origin
The moderate geomagnetic storm discussed in this paper is unusual in a number of respects. The positive phase of the storm, i.e. when D st is positive, is unusually long, starting as a result of the shock impact at 05:00 UT and lasting for 7 h, during which time the IMF was predominantly northward. Only after the IMF turned southward did the main phase of the storm begin.
The second unusual aspect of this storm is that it consisted of 3 major, but separate substorms, where major is defined here as an interval where AE exceeded 500 nT. Larger storms often result in a number of substorm activations but it is not simple to separate them in terms of the typical substorm phases. The first of the three substorms was unusual in itself. To start with the expansion phase onset was coincident with the sudden impulse caused by the shock impact. Investigation of the AL and AU indices revealed that the contribution to the initial rise in AE was from the AU index rather than the AL index which is the case for normal substorms. The AL index does subsequently make the largest contribution to the AE index, after 05:30 UT, and there was a secondary intensification in AE at 06:30 UT which was a result of a rapid change in AL. Furthermore, the substorm was initiated despite there being no significant interval of southward IMF for many hours prior to the onset. Compressions of the magnetosphere as a result of enhanced solar wind pressure have recently been seen to cause a major change in the particle precipitation into the auroral zones and hence the size and shape of the auroral oval (e.g. Boudouridis et al., 2003) .
The onset of the main phase of the storm was 13:00 UT which was some 30 min prior to the onset of the second substorm. This substorm did have several intervals of southward IMF prior to the expansion phase onset, at 13:30 UT, and therefore did have a true growth phase. The expansion phase was the most disturbed of the three, in terms of amplitude of AE and also lasted the longest. The final substorm occurred at the peak of the main phase and following this event the storm appears to have started its recovery phase.
To summarize, the storm consisted of 3 separate substorms, the first of which was caused by the shock in the solar wind impacting on the magnetosphere. The second substorm was responsible for the onset of the negative phase of the magnetic storm, while the storm recovery phase began at the end of the third substorm.
Delta F2MOF and TEC variations
There are two separate measures of the changes in ionospheric electron density presented in this paper. The maps of TEC covering a geographic latitude range from 40-75 • N and a geographic longitude range from −10 to 40 • E, based on GPS measurements, are the first measure. The propagation frequencies on two paths, one at high latitudes Murmansk to St. Petersburg, and one at mid latitudes, Inskip to Leicester, are the second, since F2MOF is equivalent to the maximum electron density at the path midpoint, assuming a single hop propagation.
The TEC maps demonstrate two key results. Firstly, some 3 h after the onset of the storm, the TEC at mid latitudes had increased by some 50% or more above the quiet day level and this remained the case until 16:00 UT. Note, however, that there appeared little change in TEC during the expansion phase of the first substorm. The increase in ionization at mid latitudes was probably the result of upwelling of ionization at high latitudes which is then transported equatorward by the interaction with neutral winds. This seems to have occurred during an interval of strong ionospheric currents, notably indicated by the AE, AL and AU indices, but not necessarily electric fields, since the IMF remained northward during this initial part of the storm. Therefore, current flow at high-latitudes caused heating and upwelling, resulting in dynamical and composition changes which ultimately led to higher densities at mid-latitudes. The time scale for this process was of the order of 2 h, which is approximately the length of the expansion phase of the first substorm.
The second feature in the TEC maps is a deep ionization trough which formed at higher latitudes and was clearly visible at 15:00 UT (Fig. 4 , middle row) but may have been present at higher latitudes than could be measured before this time. These results are confirmed by the estimates of NmF2 based upon the F2MOF observations. On the mid latitude path the DeltaF2MOF was positive from 08:00 UT to 18:00 UT, while at higher latitudes, although positive from 08:00 UT to 12:00 UT, it remained negative thereafter. The trough is most likely to have been the result of high electric fields, following the southward turning of the IMF. This is demonstrated by the fact that there was an equatorward motion of the trough with time, which would have been due to the equatorward motion of the ionospheric convection as the southward IMF took hold, as well as the rotation of the viewing area to later magnetic local times. The CUTLASS observations in Fig. 10 do indicate that the westward flow did pick up near 64 • N at 13:30 UT and inspection of the other radars demonstrate strong westward flows at higher latitudes which did appear to move equatorward in this time frame.
Finally, there appears to be a discrepancy following substorm 1 between the TEC observations and the DeltaF2MOF from the St.Petersburg-Murmansk path, where the TEC observations indicate an decrease at the path midpoint while DeltaF2MOF indicates an increase. Since TEC integrates the total number of electrons along the path from receiver to transmitter and the DeltaF2MOF is dependent only upon the local plasma frequency at the reflection location (path midpoint for 1 hop propagation), it is perhaps not surprising that discrepancies do exist. Re-distribution of plasma with altitude, which is likely under these circumstances could be the reason for these discrepancies but further detailed studies would be required, including knowledge of the maximum electron density at the path mid-point.
The "main effect"
The ionospheric effect of an isolated substorm has been documented elsewhere (Blagoveshchensky and Borisova, 2000; Blagoveshchensky et al., 1992; Blagoveshchensky et al., 1996; Blagoveshchensky et al., 2003) . This effect, referred to as the main effect, can be summarized as the following temporal variation of Delta f o F2, an increase some 6-8 h before the expansion phase onset, followed by a decrease until the end of the expansion phase, after which there is another increase. Only isolated substorms with a sharp onset to the expansion phase and a duration of not more than several hours demonstrate this effect (see references above).
The enlargement of Delta f o F2 values at high and middle latitudes before a substorm onset is a result of lifting the F2 layer (or h m F2) caused by the vertical drift. The latter arises, firstly, due to the electric field origin and, secondly, due to the meridional equatorward winds. One can see the "main effect" for Delta F2MOF on Figs. 5 and 6.
In the first substorm, the effect is seen clearly at both mid and high latitudes, in particular the sharp rise at the end of the expansion phase onset. In the second event, the effect is seen only at mid-latitudes as a result of the trough in TEC impacting upon the propagation at high latitudes. However, since the main effect is only associated with substorms which are isolated, then we conclude that the first two substorms can be considered isolated in the sense of their impact on the ionosphere. This demonstrates, therefore, that the storm not only had large-scale effects but also the smaller scale effects which are normally seen during smaller substorms. This further supports the view that this storm was the result of several substorms adding together separately. In addition, the cause of the lack of the "main effect" on the two paths is different. On the high-latitude path, there is significant absorption which does not allow the HF signal to propagate via the F-region, while at the lower latitudes, the path mid-point is within the TEC trough and consequently, no propagation path can be established.
Conclusions
During the High Rate GPS/GLONASS measuring campaign (HIRAC), simultaneous experimental measurements were made, some results of which are presented here. The nature of the experimental campaign, involving a range of different radio techniques, such as GPS, oblique incidence sounding, vertical incidence sounding, HF Doppler, and an HF coherent scatter radar, CUTLASS, provides an entirely different way of looking at the ionospheric storm effects. In addition, we note that the magnetic storm responsible for the ionospheric effects, which is classified as moderate, is relatively unusual in that it consists of 3 separate individual substorms, the first of which is triggered by the compression in the solar wind.
The main results and conclusions can be summarised as follows:
1. The GPS observations of TEC demonstrate the formation of a well-defined trough following the southward turning of the IMF. This was most likely caused by the enhanced electric fields associated with the southward turning and subsequent equatorward expansion of the ionospheric convection pattern. This trough impacted the observations on the high-latitude path of the "main effect" during the second substorm. This demonstrates the importance of the multi-diagnostic experimental campaign.
2. The TEC observations also indicated an enhancement in TEC at lower latitudes, some 2-3 h after the storm onset. This enhancement is most likely a result of the enhanced currents which were present at the time in the high-latitude ionosphere. These currents cause heating and upwelling, altering the composition and the wind field, also generating atmospheric waves, and redistributing plasma to lower latitudes where it increases the TEC.
3. The "main effect" on ionospheric propagation during substorms was observed during the first 2 substorms on the mid-latitude path and during the first substorm on the high-latitude path. This observation is in accordance with previous observations of this effect, which generally occur during isolated substorms. As mentioned above, the trough in TEC appeared to impact on the observation of the main effect as did the absorption on the high-latitude path during the third substorm. We also note the presence of the main effect in association with the first substorm, which was unusual, apparently being triggered by a magnetospheric compression.
4. At the time the trough was present within the CUT-LASS Finland radar's field-of-view, the ionospheric irregularities present were clearly co-located with a gradient in the TEC. Although the irregularities responsible for the ionospheric scatter observed by the radar were likely to be in the E-region, the coexistence of the TEC gradient and the irregularities is of direct interest to understanding the physical mechanism for the generation of these irregularities. This study demonstrates the potential for such overlapping data sets.
5. The results are chiefly in a good agreement with the picture of our current understanding of physical processes which develop during a magnetospheric storm. However, the mechanism which causes the ionospheric "main effect" is not simply explained and there is a necessity for further study of this problem.
6. The behaviour of the oblique sounding characteristics on the subauroral Murmansk-St. Petersburg path were primarily determined by ionospheric variations leading to changes in the radio propagation and by the level of absorption in the lower ionosphere. The propagation behaviour at high and mid latitudes was similar when the signal was reflected from the F2-layer, but different when the signal was reflected from the E-layer.
7. The Doppler spectral width is at a maximum (10-30 Hz) during the substorm expansion and recovery phases, while under the quiet conditions the width is 1-3 Hz. The spectral broadening is probably associated with the presence of ionospheric irregularities during disturbed conditions and also depends to a degree on the propagation mode. The wave disturbances observed during the substorm expansion and recovery phases were found to have periods between 2 and 30 min. Under quiet conditions, wave disturbances were usually observed. The parameters of the medium-scale travelling ionospheric disturbances (TID) derived from the measurements are similar to those previously reported. Additional tracks on sonograms are not observed during the expansion phase of a substorm or immediately after it, while at other times the tracks are absent.
